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Knockout of PARG110 confers resistance to 
cGMP-induced toxicity in mammalian photoreceptors 

A Sahaboglu*' 1 , N Tanimoto 2 , S Bolz 1 , MG Garrido 2 , M Ueffing 1 , MW Seeliger 2 , H Lowenheim 3 , P Ekstrom 4 and F Paquet-Durand*' 1 

Hereditary retinal degeneration (RD) relates to a heterogeneous group of blinding human diseases in which the light sensitive 
neurons of the retina, the photoreceptors, die. RD is currently unbeatable and the underlying cellular mechanisms remain poorly 
understood. However, the activity of the enzyme poly-ADP-ribose polymerase-1 (PARP1) and excessive generation of poly-ADP- 
ribose (PAR) polymers in photoreceptor nuclei have been shown to be causally involved in RD. The activity of PARP1 is to a large 
extent governed by its functional antagonist, poly-ADP-glycohydrolase (PARG), which thus also may have a role in RD. To 
investigate this, we analyzed PARG expression in the retina of wild-type (wt) mice and in the rd1 mouse model for human RD, and 
detected increased PARG protein in a subset of degenerating rd1 photoreceptors. Knockout (KO) animals lacking the 110 kDa 
nuclear PARG isoform were furthermore analyzed, and their retinal morphology and function were indistinguishable from wild- 
type animals. Organotypic wt retinal explants can be experimentally treated to induce rc/Mike photoreceptor death, but PARG1 1 0 
KO retinal explants were unexpectedly highly resistant to such treatment. The resistance was associated with decreased PAR 
accumulation and low PARP activity, indicating that PARG1 1 0 may positively regulate PARP1 , an event that therefore is absent in 
PARG110 KO tissue. Our study demonstrates a causal involvement of PARG110 in the process of photoreceptor degeneration. 
Contrasting its anticipated role as a functional antagonist, absence of PARG110 correlated with low PARP activity, suggesting 
that PARG110 and PARP1 act in a positive feedback loop, which is especially active under pathologic conditions. This in turn 
highlights both PARG110 and PARP1 as potential targets for neuroprotective treatments for RD. 
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Hereditary neurodegenerative diseases of the retina, such as 
retinitis pigmentosa, lead to photoreceptor cell death and 
blindness. These diseases affect approximately 1 in 3000 
people and remain to this day without treatment, 1 which to a 
considerable degree is a consequence of the insufficient 
understanding of the underlying cellular disease mechanisms. 
Nevertheless, recent studies on animal models for hereditary 
photoreceptor degenerations, such as the rd1 mouse, have 
advanced the knowledge on the pathological processes. 2 ' 3 
For example, in the rd1 retina, the activation of poly-ADP- 
ribose-polymerase-1 (PARP1), with a following excessive 
accumulation of poly-ADP-ribose (PAR) in the nuclei of dying 
photoreceptors, 4,5 has been linked to the retinal degeneration 
(RD) characteristics of this model. Moreover, similar observa- 
tions on PARP hyperactivity and PAR accumulation have 
been made in several other relevant animal models. 6 

PARP1 is likely the most abundant nuclear protein in an 
enzyme family coming from at least 18 different genes 7 and 
that mediates the addition of PAR entities to substrate 
proteins in a process, which can be referred to as PARylation. 
PARylation represents a post-translational protein modifica- 
tion that is important for nuclear chromatin structure and 



transcriptional activity but that also governs the functions of 
many other cellular proteins and processes. 8 Remarkably, the 
PARP1 enzyme PARylates its own automodification domain 
to inhibit and limit the PARP activity in what appears to be an 
autoregulatory feedback loop. 9 

The rd1 mouse is a well-studied mouse model for RD and 
suffers from a human homologous mutation in the gene 
encoding for the beta subunit of rod photoreceptor cGMP 
phosphodiesterase-6 (PDE6). 10 The PDE6 dysfunction leads 
to a strong rise in cGMP and subsequent rc/7-photoreceptor 
death. 5 Interestingly, pharmacological inhibition of PDE6 by 
the selective inhibitor zaprinast 11 will emulate rd1-\\We 
degeneration on non-rc/7-retinas, 12 ' 13 such that otherwise 
healthy retinas treated with zaprinast show large numbers of 
dying photoreceptors. 5 However, retinas obtained from 
PARP1 knockout (KO) animals are resistant to zaprinast 
treatment, reinforcing the notion that PARP1 drives — at least 
in part — photoreceptor degeneration. 

Another key player in the PAR metabolism is poly-ADP- 
ribose-glycohydrolase (PARG), which in turn removes PAR 
from target proteins. 9 In this context, PARG seems to be a 
major regulator for PARP1 as it removes inhibitory PAR 
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polymers from the PARP1 automodification domain, 14 ' 15 thus 
allowing reactivation of PARP1 . In mammals, there is a single 
Parg gene, highly conserved among mammals 16 and giving 
rise to at least five PARG isoforms with different subcellular 
localizations and molecular weights. 8 ' 17 Among these, the 
110kDa isoform (PARG110) is the only one localizing to the 
nucleus, 18 which makes it an obvious candidate for a putative 
interaction with the hyperactivated nuclear PARP as seen in 
degenerating photoreceptors. This motivated us to study the 
connection of PARG, and particularly PARG110, with RD. 

In the present work, we show that PARG is expressed in all 
retinal layers, and that its expression increases in individual 
degenerating rd1 photoreceptors. Although KO of the 
PARG110 isoform 19 does not seem to affect the retinal 
morphology and function as such, the photoreceptor cell 
death response to pharmacological PDE6 blockage is 
strongly reduced in KO retina. This suggests a mechanistical 
involvement of PARG1 1 0 in photoreceptor cell death, possibly 
via (re)activation of the detrimental PARP1. 

Results 

PARG expression is increased in degenerating rd1 
photoreceptors. Because of the nuclear localization of 
PARP1 activity and PAR accumulation observed during 
photoreceptor cell death, 4,5 we were particularly interested in 
the nuclear PARG110 isoform in the context of RD. To 
address the potential role for PARG110 in RD, we first 
assessed its retinal expression using immunofluorescence 
(IF) with a PARG antibody that detects both the 110 and 
56 kDa isoforms. The specificity of the antibody was confirmed 
using tissue from animals in which the PARG1 10 isoform had 
been genetically deleted. 19 The IF experiments indicated 
PARG110 expression in all retinal cells in the wild-type (wf) 
situation, albeit with a particularly strong expression in the 
nerve fiber layer (NFL) and in the perinuclear areas of cells 
that morphologically resembled amacrine cells and horizontal 
cells (Figure 1a). The latter was confirmed using co-staining 
with an antibody against calbindin (Figures 1b and c), a 
prototypic marker for horizontal cells. 20 In PARG110 KO, 
overall PARG staining was reduced, especially so in the 
horizontal cells, but not in the NFL (Figures 1 d— f). This 
suggests that the PARG antibody indeed recognizes 
PARG110 and that the horizontal cells rely extensively on 
this PARG isoform. By contrast, other retinal structures, such 
as the NFL, may preferentially express other PARG isoforms. 
We then studied PARG expression in a situation of 
degeneration: Although in wt photoreceptors, PARG expres- 
sion was very low (Figure 1a), in rd1 outer nuclear layer (ONL) 
there was a strong PARG upregulation in the perinuclear 
regions of many photoreceptors (Figure 1 g). At the same time, 
the localization to horizontal and amacrine cells appeared to 
be unchanged (Figures 1h and i). The latter result indicated a 
possible involvement of PARG1 10/PARG56 in RD, with the 
perinuclear localization pointing towards PARG110. 

PARG110 KO retina is morphologically and functionally 
normal. To study the importance of nuclear PARG110, we 
assessed retinal morphology and function in PARG110 KO 
animals using both in vivo and ex vivo techniques. A gross 



morphologic comparison of PARG110 KO and wt retinae at 
P30 did not reveal major differences in terms of retinal 
thickness and layering, neither in ex vivo histology (Figures 
2a and b) nor in in vivo optical coherence tomography (OCT) 
imaging (Figures 2c and d). A detailed histological analysis of 
photoreceptor rows in early postnatal retina at P11 for wt 
(11. 9 ±0.9 S.E.M., n = 3 and PARG110 KO retina (9.8±0.5 
S.E.M., n = 3) showed comparable numbers (Figure 2e; 
P= 0.1 1 1 ). A similar picture for the photoreceptor row counts 
was seen at P30 (i/i/f; 13.1 ±0.1 S.E.M., n = 3; PARG1 10 KO: 
13.0±0.8 S.E.M., n = 3, P=0.912). The measurement of 
ONL thickness also showed no major differences between wt 
(64.8/iM±0.5 S.E.M., n = 3) and PARG110 KO 
(56.4 /iM ±3.2 S.E.M., n = 3, P= 0.063) at P11 and at P30 
(wt: 62.2 ± 0.4 S.E.M., n = 3; PARG110 KO: 61.3/xM±3 
S.E.M., n=3; P= 0.797, Figure 2e). As histone PARylation 
may affect chromatin condensation, nuclear structure, and 
possibly cell density in the ONL, 21 we also assessed the size 
of photoreceptor nuclei at PN30 and found no significant 
differences between the two genotypes (wt: 13.9 ±0.2 
S.E.M., n = 3; PARG110 KO: 13.7 ±0.3 S.E.M., n = 3, 
P= 0.523). 

Single-flash electroretinograms (ERGs) elicited by full-field 
light stimulation were comparable between wt and PARG1 10 
KO mice under both scotopic and photopic conditions at all 
intensities examined (Figures 2f and g), indicating no 
aberrations of rod and cone photoreceptor function at P30. 

No evidence for abnormal cell death in PARG110 KO 
retina. To exclude the possibility of a slow, low-level 
degeneration in PARG110 KO that was not detectable with 
conventional histology, we studied a number of cell death 
markers typically associated with photoreceptor degenera- 
tion. For comparative purposes, these markers were also 
assessed in PARP1 KO retina. Localization of PDE6B 
protein as a marker for the integrity of photoreceptor outer 
segments failed to show any abnormalities (Supplementary 
Figure 1). In line with this, there was no evidence for cGMP 
accumulation in wt, PARG110 KO, or PARP1 KO retina 
(Supplementary Figure 1). Likewise, the terminal deoxy- 
nucleotidyl transferase dUTP nick end labeling (TUNEL) 
assay showed a very low percentage of positive cells for wt 
(0.06% ±0.01 S.E.M., n = 3), PARP1 KO (0.04% ±0.02 
S.E.M., n = 3), and PARG110 KO (0.03%±0.03 S.E.M., 
n = 3) retina, with no statistical differences between either of 
these genotypes. 

The PARP activity assay, which acts as a cell death marker 
in rd1 retina, showed very low levels of PARP activation in wt 
(0.02% ± 0.01 S.E.M., n= 3), and no PARP activation in either 
PARP1 KO (0.00%±0.00 S.E.M., n = 3) or PARG110 KO 
(0.00% ±0.00 S.E.M., n = 3) retina. Although numerically 
small, a one-way analysis of variance (ANOVA) analysis 
showed that there were statistically significant differences in 
the wt and PARG110 KO and PARP1 KO data (P<0.05; 
Supplementary Figure 1). A subsequent Student's ttest gave 
at hand that the difference was between wt and PARG1 KO 
(P=0.017, which also after Bonferroni correction will be 
regarded as statistically significant). 

The accumulation of PARylated proteins indirectly indicates 
PARP activity. 4 At P11, PAR immunostaining showed very 
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Figure 1 Retinal PARG expression in different genotypes: In wt retina, PARG expression was particularly evident in the NFL and in the perinuclear parts of a 
subpopulation of amacrine cells and horizontal cells (white arrows), as assessed by co-staining with calbindin (a-c). In PARG1 1 0 KO, PARG expression in perinuclear areas of 
amacrine and horizontal cells (white arrows) was strongly reduced, while PARG levels in the synaptic layers and the NFL appeared to be unaffected (d-f). In rd1 retina, the 
perinuclear areas of many photoreceptors displayed distinct PARG expression (g-i), in contrast to the wt situation (white arrows indicate horizontal cells). The images shown 
are representative for observations on at least three different specimens for each genotype 



few positive photoreceptors in wt and PARG1 10 KO animals 
(wt 0.03% ± 0.01 S.E.M., n = 3; PARG1 1 0 KO: 0.02% ± 0.01 , 
n = 6), while in PARP1 KO retina no positive cells were seen 
(0.00% ± 0.00 S.E.M., n = 6; Supplementary Figure 1 ). A one- 
way ANOVA followed by Student's f-test indicated a statisti- 
cally significant difference between the PAR values of i/i/f and 
PARP1 KO. 

rd1 RD is causally related to increased histone deacetylase 
(HDAC) activity. 22 In the present work, the HDAC activity assay 
identified only few positive cells (wt 0.03% ±0.01 S.E.M., 
n = 3; PARP1 KO: 0.01% ±0.01 S.E.M., n = 3; PARG110 KO: 
0.03% ±0.01 S.E.M., n = 3, P= 0.91 5), without any significant 
differences between either of these genotypes. 

The calcium-dependent protease calpain has repeatedly 
been implicated in photoreceptor cell death in a variety of RD 
models 6 ' 19 and would therefore also qualify as a cell death 
marker here. The activity assay for calpain detected no or 
hardly any positive cells for wt, PARP1 KO (wt 0.01% ± 0.00 
S.E.M., n = 3; PARP1 KO: 0.01%±0.01, n = 3), and 
PARG110 KO (0.00% ±0.00 S.E.M., n = 3). 

In summary, in vivo and ex vivo examinations found no 
adverse effects of PARG110 KO on either retinal function 
or morphology. These results in turn suggested that neuro- 
protective strategies aimed at inhibiting PARG1 10 would not 



negatively affect photoreceptor retinal cell survival. The data 
further suggested that both the lack of PARG1 1 0 and PARP1 
will affect the detectable PARP activity or PAR accumulation 
in photoreceptors. 

Absence of PARG110 confers resistance to RD. In order 
to further delineate the role of PARG110 during RD, we 
treated organotypic PARG110 KO retinal explants with the 
PDE6 specific inhibitor zaprinast. 11 ' 13 This treatment raises 
photoreceptor cGMP levels and pharmacologically induces 
photoreceptor degeneration in ways very similar to what is 
observed in the Pde6b mutant rd1 retina. 12 ' 23 Although 
untreated retina was negative for cGMP, a strong, zaprinast- 
induced rise in photoreceptor cGMP levels was evident in 
both wt and PARG110 KO retina (Figures 3a-d). 

Detection of dying cells with the TUNEL assay identified few 
positive ONL cells in untreated wt retinal explants (Figures 3i-l) 
(0.74% ±0.27 S.E.M., n = 6), and a strongly increased 
number for the zaprinast-treated wt (3.91% ±0.55 S.E.M., 
n = 6, P=0.0004). Untreated PARG110 (1.37%±0.14 
S.E.M., n = 6) and zaprinast-treated PARG110 retinal 
explants (1.16%±0.20 S.E.M., n = 6) both displayed low 
numbers of TUNEL positive cells in their ONL. Importantly, a 
comparison between zaprinast-treated wt and PARG110 KO 
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Figure 2 Retinal morphology and function is normal in PARG110 knockout animals. At P30, haematoxylin/eosin staining revealed normal morphology and layering for 
PARG1 10 KO retina, when compared to age-matched wt(a and b). OCT in vivo imaging confirmed the histological results (c and d). The quantification of photoreceptor rows 
in the outer nuclear layer (ONL) and ONL thickness showed no significant differences between wt and PARG1 1 0 KO retina at day 11 (P1 1 ) and day 30 (P30) after birth (e). In 
vivo functional analysis with ERG did not detect any differences between wt (black) and PARG110 KO (red) mice under dark-adapted (scotopic; SC) and light-adapted 
(photopic; PH) conditions (f and g). Statistical evaluation of b-wave amplitudes (box-and-whisker plot, indicating 5, 25, 50, 75, 95 percentiles of the data) and comparison of 
representative ERG traces are shown in (f) and (g), respectively. Error bars represent S.E.M. GCL, ganglion nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; 
IS, inner segment; ns, not significant; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, outer segment; RPE, retinal pigment epithelium 



revealed a highly significant difference (P< 0.001; Figure 3r), 
suggesting that lack of PARG110 expression and/or activity 
was neuroprotective. 

Likewise, the numbers of cells showing high calpain activity 
(Supplementary Figure 2d-f) were low in untreated and 
zaprinast-treated PARG 110 KO retina (untreated PARG110 
KO: 0.24% ±0.04; zaprinast-treated PARG110 KO: 
0.12%±0.01; n = 3; P=0.055). 

Photoreceptor cell death in rd1 retina is non-apoptotic and 
negative for typical apoptotic markers such as caspase-3 
activity 2 (and unpublished data). Nevertheless, to exclude the 
possibility that the absence of PARG 1 1 0 or the treatment with 
zaprinast would shift the balance of cell death mechanisms 
towards classical, caspase-dependent apoptosis, we also 
tested for the activation of caspase-3. Immunostaining for 
activated caspase-3 (Supplementary Figure 2g-i) resulted in 
only a small number of positive cells, both for untreated 
(0.12% ±0.04 S.E.M.) and zaprinast-treated PARG110 KO 
retinae (0.03% ±0.01 S.E.M., n = 3, P= 0.128). 

Taken together, all of these results suggested a resistance 
to zaprinast-induced retinal photoreceptor cell death in 
PARG110 KO animals. 



Absence of PARG110 disrupts the PARP activation. The 

retinal explants experiments also revealed important aspects 
on PARP activation in PARG1 10 KO retinae. PAR presence, 
as seen by immunohistochemistry, (Figures 3i-l), is an index 
of PARP activity, and demonstrated a strong and significant 
(P<0.01) increase in positive ONL cells in zaprinast-treated 
wt specimens but not in zaprinast-treated PARG110 KO 
retina (untreated wt 0.13%±0.03 S.E.M., n = 3-4; zapri- 
nast-treated wt 0.69% ±0.07 S.E.M., n=3-4; P= 0.002: 
untreated PARG110 KO: 0.12%±0.03 S.E.M., n = 3-4; 
zaprinast-treated PARG110 KO: 0.16% ±0.06 S.E.M., 
n = 3-4; P= 0.008, Figure 3s). While this finding confirmed 
the close correlation between cell death and PAR accumula- 
tion, it was somewhat surprising as PAR accumulation is an 
indication of PARP activity. Decreased expression of the 
hydrolyzing enzyme PARG110 would hence be expected to 
lead to an increase in PAR accumulation. 

To further address this issue, we also analyzed PARP 
activity in untreated and zaprinast-treated PARG110 KO 
retina (Supplementary Figure 2a-c) and found PARP 
activity to be essentially the same in both types (untreated 
PARG110 KO: 0.21% ±0.04 S.E.M.; zaprinast-treated 
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Figure 3 PARG1 10 KO photoreceptors are resistant to pharmacologically induced RD: organotypic retinal explants cultures derived from wt and PARG1 10 KO animals 
were treated with the PDE6 inhibitor zaprinast to induce an re/Mike retinal degeneration. Untreated wt and PARG110 KO explants exhibited minimal IF for cGMP, while 
zaprinast-treated specimens showed strongly increased ONL cGMP levels (a-d). PARG expression was seen only in the nerve fiber layer and in the perinuclear parts of a 
subpopulation of amacrine cells and horizontal cells for untreated wt, untreated PARG110 KO and zaprinast-treated PARG110 KO. However, in zaprinast-treated wt, an 
increased PARG expression was observed in the ONL and INL (e-h). PAR accumulation, a marker for PARP activity, was found in large amounts only in zaprinast-treated wt 
ONL (i-l), but rarely in untreated wt or in either treated or untreated PARG1 10 KO. The TUNEL assay for dying cells showed few positive cells in untreated wt but increased 
numbers in zaprinast-treated wt (m and n). Zaprinast-treated and untreated PARG1 10 KO retinal explants showed equally low numbers of TUNEL positive cells (o and p). Bar 
graphs show the quantification of TUNEL- (q) or PAR- (r) positive ONL cells. Error bars represent S.E.M. INL, inner nuclear layer; ONL, outer nuclear layer. Levels of 
significance: **P<0.01, ***P< 0.001 



PARG110 KO: 0.26%±0.141 S.E.M.; n = 3; P=0.737). 
This finding suggests that the PARG110 KO retina is 
lacking the ability to activate, or keep activated the PARP 
enzyme. 

Discussion 

The present study provides for the first time data showing that 
PARG is expressed in the retina and that PARG110 is 
causally involved in neurodegeneration of photoreceptors. 
Moreover, it offers novel information on the interplay of PARP 
and PARG during photoreceptor neurodegeneration. 



PARG in the retina. Although PARG expression is thought 
to be ubiquitous, 24 a retinal PARG expression has not been 
shown before. Here, we demonstrate that while probably 
expressed in all retinal cell types, the 110 and 56kDa 
isoforms in the normal, healthy retina appear to be 
particularly strongly expressed in the NFL, in horizontal cells, 
and cells that morphologically resembled amacrine cells. 
Moreover, when studied in the rd1 retina, where there is 
ongoing photoreceptor degeneration, an increased PARG 
expression in many of the photoreceptors was observed. 
Interestingly, loss of PARG110 expression did not seem to 
affect the normal retinal cell survival, nor retinal function and 
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morphology, at least when it comes to the parameters 
investigated here. Together these observations suggest that 
while the retinal role of PARG in the normal, healthy situation 
is subtle, its presence and activity becomes more important 
when the system is provoked. 

Crosstalk between PARG and PARP. Whereas PARP1 has 
been implicated in cell death in a variety of disease conditions, 25 
including in retinal neurodegeneration, 5 data on PARG in this 
context is very scarce. Surprisingly, in our study, loss of 
PARG110 expression led to an apparent decrease in PARP 
activity, suggesting that PARG110 formed part in a feedback 
loop that positively regulated PARP. This possibility is compa- 
tible with existing information. High PARP1 activity results in 
autoPARylation of PARP1 in the enzyme's automodification 
domain, 25,26 which would mean that once activated, PARP1 
shuts itself off automatically and then requires PARG for 
reactivation. The specific activity of PARG is considerably 
higher than that of PARP, and as such, the in vivo half-life of 
PAR is only approximately 1 min in DNA-damaged cells. 16 Even 
when taking these capacities into consideration, the very high 
PARP activity in degenerating photoreceptors 4 is likely to 
require increased access to PARG in order to be maintained, 
which in turn could explain the upregulation of PARG110 in rd1 
photoreceptors. In this scenario, the here observed protective 
effect of PARG110 KO would be a consequence of PARP 
activity being kept low because the PARP1 autoinhibition can no 
longer be lifted by PARG. 

An unchecked PARP-PARG feedback loop will have a 
bearing on the cellular energy metabolism as it would lead to 
an excessive consumption of NAD + and indirectly, via the 
NAD+ rescue pathway, to ATP depletion. 27 While this view 
has been challenged to some extent recently, 28 the net effect 
of an absent activation of the PARP-PARG loop, as in the 
zaprinast provoked PARG1 10 KO explants, can nevertheless 
be expected to be beneficial for cell survival because this 
absence would reduce the strain on energy metabolism. ATP 
levels are critical for cellular survival, not the least for 
maintaining Ca 2+ homeostasis 29 Therefore, an improved 
Ca 2+ control could explain why the activity of Ca 2 + 
-dependent calpain-type proteases is rather low in zapri- 
nast-treated PARP1 and PARG110 KO retina when 
compared with zaprinast-treated wt and rd1 retina. 

PARG as a therapeutic target. Previous studies have 
shown the importance of PARP activity for RD in the rd1 
mouse 30 or in retinas with zaprinast-induced rdMike degen- 
eration. 5 Moreover, the S334ter and P23H rat models for RD 
show PARP activation during photoreceptor degeneration, 6 
as do several other animal models (unpublished data). PARP 
activation thus appears to be a common denominator in 
photoreceptor degeneration. Together with the fact that a 
number of animal studies have highlighted PARP inhibition 
as a promising new form of treatment for neurodegenerative 
diseases such as stroke and neurotrauma, 9 this has made it 
very attractive to suggest anti-PARP therapeutic strategies 
for the genetically heterogeneous hereditary RDs. 

We now propose that also PARG inhibition should be 
introduced as a therapeutic idea in this field. Loss of PARG 
activity by isoform-specific KO and knockdown of the Parg 



gene shows protective effects against, for example, H 2 0 2 - 
induced cell death, 31 and while the area of pharmacological 
PARG inhibitors is still limited, 16,30 a small molecule PARG 
inhibitor has been shown to be protective in ischemic 
neurodegeneration 6 Furthermore, the fact that all PARG 
isoforms are encoded by a single PARG gene and that the 
cellular abundance of PARG proteins is very low, with 
approximately 2000 molecules per cell, 30 suggests PARG 
as an attractive pharmacological therapeutic target. Contin- 
ued research using genetic Parg knockdown approaches and 
possible future PARG inhibitors is very likely to add to the 
suggestion of PARG interference as a novel treatment option 
for inherited eye diseases. 

Conclusion 

Although several previous reports have shown the importance 
of PARP activity for RD, this is the first study on the role of 
PARG for photoreceptor cell death. We demonstrate that 
PARG1 10 is expressed in the retina and that in degenerating 
photoreceptors PARP activity and PAR accumulation 
depends on the expression of PARG 1 10. This suggests that 
PARG1 1 0 is of major importance for maintaining the activity of 
PARP, and in turn highlights PARG inhibition as a novel 
approach for the development of therapies for hereditary RD. 

Materials and Methods 

Experimental animals. PARG110 KO, PARP1 KO and wild-type (wt) 
animals were housed under standard white cyclic lighting and had free access to 
food and water. PARG110 KO animals were kindly provided by Zhao-Qi Wang, 
Leibniz Institute for Age Research, Fritz Lipmann Institute, Jena, Germany. The 
PARG1 10 KO mice were generated by the deletion of exons 2 and 3 of the Parg 
gene resulting in depletion specifically of the PARG110 protein. 19 PARG110 KO 
mice are phenotypically normal, although they exhibit hypersensitivity to radiation, 
DNA alkylating agents, and chemotherapeutics. 5,19,30 All procedures were 
performed in accordance with the ARVO statement for the use of animals in 
ophthalmic and visual research and were approved by the Tubingen University 
committee on animal protection (Einrichtung fiir Tierschutz, Tierarztlicher Dienst 
und Labortierkunde directed by Dr. Franz Iglauer). Because of the critical 
molecular changes apparent in degenerating rd1 retina at postnatal day (P) 1 1 2 
comparisons between PARG110 KO, PARP1 KO, wt, and rd1 retinae were carried 
out at P11, and in addition in adult retina at P30. 

Electroretinography. Full-field ERGs were recorded binocularly as 
described previously. 32,33 Before experiments, mice were dark-adapted overnight. 
Anesthesia was induced by subcutaneous injection of ketamine (66.7 mg/kg body 
weight) and xylazine (11.7 mg/kg body weight), and the pupils were dilated with 
tropicamide eye drops. Single-flash ERG responses were obtained under dark- 
adapted (scotopic) and light-adapted (photopic) conditions. Light adaptation was 
accomplished with a background illumination of 30cd/m 2 starting 10 min before 
photopic recording session. Single white-flash stimuli ranged from - 4 to 1 .5 log 
cd*s/m 2 under dark-adapted and from -2 to 1.5 log cd*s/m 2 under light-adapted 
conditions. Ten responses were averaged with interstimulus intervals of 5 s (for 
- 4 to - 0.5 log cd*s/m 2 ) or 17 s (for 0 to 1.5 log cd*s/m 2 ). Mice were examined 
at P30 (PARG110 KO, n = 3 (six eyes); wt, n = 4 (eight eyes)). 

OCT. In vivo retinal layering was assessed by means of OCT with the Spectralis 
HRA + OCT device from Heidelberg Engineering (Heidelberg, Germany) featuring 
a broadband superluminescent diode at A = 870nm as low coherent light 
source 34 Each two-dimensional B-Scan recorded with the equipment set to 30° 
field of view, consists of 1536A-scans acquired at a speed of 40000 scans 
per second. Optical depth resolution is approximately 7^m with digital resolution 
reaching 3.5 ^m. Imaging was performed using the proprietary software package 
Eye Explorer (version 3.2.1.0, Heidelberg Engineering) and for the work-up of the 
images we used CorelX3 (Corel Corporation, Ottawa, ON, Canada). 
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Retinal explant cultures. Organotypic retinal cultures were prepared as 
described previously 22,35 P5 animals were killed, their eyes enucleated, and 
incubated for 15 min with 0.12% proteinase K (ICN Biomedicals Inc., OH, USA; 
193504). The activity of proteinase K was blocked by 10% fetal calf serum and 
rinsing with serum free medium. Cornea, sclera, lens, and choroid were removed, 
after which the retina, together with the RPE, was cut into a propeller-like shape 
with four wedges and transferred to a culture membrane insert (Millipore, 
Carrigtwohill, Cork, Ireland; PIHA03050). The inserts were placed in six-well 
culture plates with R16 medium and supplements. 22 Cultures were incubated at 
37 °C in a humidified 5% C0 2 incubator for 6 days, and the culture medium was 
changed every 2 days. For the first 2 days, the cultures were left without treatment 
and then treated for 4 days with 100^M Zaprinast (Sigma-Aldrich, Munich, 
Germany; Z0878) dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, D2650) 
and diluted in R16 medium with supplements. Only DMSO was added for the 
control groups. 

IF and TUN EL assay. Animals were killed with C0 2 and their eyes were 
enucleated. Eyecups were immersion fixed for 1 h at room temperature (RT) in 4% 
paraformaldehyde (PFA; Polysciences, Warrington, PA, USA) in 0.1 M phosphate 
buffer (PB, pH 7.4) containing 0.2 M sucrose. After washing in PB, eyes were 
cryoprotected by immersion in graded sucrose (10%, 20%, 30%) in PB. Tissues were 
then embedded in a tissue-freezing medium (Jung, Leica Instruments, Heidelberg, 
Germany). Vertical sections (12 ^m) were cut on a Leica CM3050S Microtome (Leica 
Biosystems, Wetzlar, Germany), air dried at 37 °C for 1 h, and stored at -20°C 
until use. Frozen sections from fixed tissue were air dried for 30-60 min at 37 °C. 

For the IF studies sections were rinsed in PBS and preincubated for 1 h at RT in 
blocking solution containing 10% normal goat serum, 1% bovine serum albumin, and 
0.1% Triton X in PBS. Primary antibodies (see Table 1) were diluted in blocking 
solution overnight at 4 °C. Subsequently, sections were rinsed in PBS and incubated 
with Alexafluor-488 conjugated secondary antibody (Invitrogen, Darmstadt, 
Germany; dilution 1 : 250-1 : 750). Sections were washed in PBS and mounted in 
Vectashield mounting medium with DAPI (Vector, Burlingame, CA, USA). 

Cell death was assessed using the terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUN EL) assay by means of an in situ cell death detection kit with 
fluorescein isothiocyanate as the reporter fluorochrome (Roche Diagnostics, 
Mannheim, Germany). 

PAR immunohistochemistry. PAR immunohistochemistry was performed 
with sections from in vivo and in vitro PARP1 KO, PARG110 KO, and wt. Sections 
were air dried for 30-60 min at 37 °C and washed with PBS for 10 min. Non-specific 
background reduced by quenching solution which included 30% H 2 0 2 , MeOH, 0.1% 
PBST. After that, sections were blocked with 10% normal goat serum in 0.1% PBST 
for 1 h at RT and incubated with PAR antibody (PAR 10 H, Alexis, dilution 1 : 200) for 
overnight at +4°C. Biotinylated secondary antibody (Vector lab; dilution 1 : 150) 
was diluted in 5% normal goat serum in 0.1% PBST and the sections were 
incubated for 1 h at RT. After washing, the slides were incubated in Vectastain Elite 
ABC kit (Vector lab) for 1 h at RT. The color reaction was produced with 3,3'- 
diaminobenzidine (DAB) solution containing 20% Glucose, 0.4% NH 4 CI, 1% Nickel 
ammonium sulfate, 40 mg DAB, 40 fi\ Glucoseoxidase. After DAB incubation, slides 
were washed with PB and covered by Aquatex (Merck, Darmstadt, Deutschland). 

Histological staining. Morphologic ex vivo characterization of PARG110 KO 

retinae was performed after haematoxylin/eosin staining. Cryosectioned retinae, 
fixed with 4% PFA for 1 h, were stained in Harris haematoxylin solution (Vector 
Lab, H-3401) for 3 min. Retinal sections were washed in double distilled water for 
1 min, exposed for 2 s to 25% hydrochloric acid in ethanol, and counterstained in 
Accustain eosin Y solution (Sigma-Aldrich, HT-110-1-16) for 30 s to 1 min. A 70 
- 96 - 100% alcohol series was used for dehydration and followed by washing 
in xylene for 2 min. 

Table 1 Primary antibodies used in this study and their dilutions 



Antigen 



Cleaved caspase-3 (Asp1 75) (5A1 E) 
Calbindin (D-28k) 
PKCa 
PAR (1 OH) 

PARG (PARG1 10/56) 



Source/Cat. number Dilution 



Cell Signalling/9664 1 : 300 

Swant/300 1 : 500 

Novus Biologicals/NB200 586 1 : 50 

Enzo/ALX-804-220 1 : 200 

Abcam/ab16060 1 MOO 



Activity assays for calpain and PARP. Eyes from PARG110 KO, 
PARP1 KO, wt, and rd1 mice were enucleated without fixation, frozen immediately 
on dry ice ( - 72 °C), and cryosectioned. Calpain activity was performed on unfixed 
retinal sections by first incubating them for 15 min in calpain reaction buffer (CRB: 
25 mM HEPES, 65 mM KCI, 2mM MgCI 2 , 1.5mM CaCI 2 ). Later, the fluorogenic 
compound CMAC, t-BOC-Leu-Met; 7-amino-4-chloromethylcoumarin, t-BOC-L- 
leucyl-L-methionine amide (10 /uM) was added to CRB together with 2mM DTT 
and the slides were incubated for 2 h in the dark. Slides were then washed in CRB 
two times, 10 min and mounted with Vectashield (Vector) before microscopy. 

For PARP activity, unfixed tissue sections were incubated with an avidin-biotin 
blocking kit (Vector) according to the manufacturer's instructions to block 
endogenous biotin and to reduce background. The slides were then washed twice 
for 5 min in PBS and incubated with PARP reaction mixture (10 mM MgCI 2 , 1 mM 
dithiothreitol, 5 ^M biotinylated NAD (Trevigen, Gaithersburg, MD, USA) in 100mM 
Tris buffer with 0.2% Triton X1 00, pH 8.0) for 2.5 h at 37 °C. Then the sections were 
washed with PBS, three times for 5 min. The biotin incorporated by PARP activity 
was then detected by fluorescently labeled avidin (1 : 800 in PBS, 1 h at RT). After 
three times 5 min washing in PBS, the sections were mounted in Vectashield 
(Vector). For controls, biotinylated NAD + was omitted from the reaction mixture 
resulting in absence of detectable reaction product. 

HDAC activity assay. The HDAC activity assay was performed on 
cryosections from 4% PFA fixed eyes. The assay is based on an adaptation of 
the Fluor de Lys Fluorescent Assay System (Biomol, Hamburg, Germany). Retinal 
sections were incubated for 3h at RT with 200 ^M Fluor de Lys-SIRT2 
deacetylase substrate (Biomol) in assay buffer (50 mM Tris/HCI, pH 8.0; 137mM 
NaCI; 2.7 mM KCI; 1 mM MgCI 2 ). The sections were washed once for 5 min in PBS 
and then fixed again for 20 min in 100% methanol at -20°C. The slides were 
incubated in Developer II (Biomol) solution, diluted 1:10 in assay buffer, and 
immediately coversliped and photographed under the microscope. 22 

Microscopy, cell counting and statistics. Microscopy was performed 
by a Zeiss (Gottingen, Deutschland) Imager Z1 Apotome Microscope. Images were 
taken with a Zeiss Axiocam digital camera using the Zeiss Axiovision 4.7 software. 
Corel Draw X3 software was used for image enhancements (Contrast, Colors). 

The percentages of positive cells in the different assays (PARP activity, PAR IF, 
Calpain activity, Caspase-3 IF, HDAC activity, TUN EL) were assessed and 
calculated in a blinded fashion as reported previously. 5 ' 23 For each animal, three 
fields of view at x 20 magnification in central retinal areas (in proximity to the optic 
nerve) were analyzed and at least three sections were quantified. At least three 
different animals were analyzed for each time point and genotype. 

Values are given as mean±S.E.M. Statistical analysis was performed using 
GraphPad Prism 4.01 software (GraphPad Software, La Jolla, CA, USA), two-tailed 
Student's f-test was used for single comparison and one-way ANOVA test with 
Bonferroni correction was used for multiple comparisons. Levels of significance 
were: *P<0.05, **P<0.01,***P<0.001. 
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